Methods are described for the growth of Aspergillus nidulans in submerged culture. In experiments with intact organisms D-galactose was oxidized by an inducible enzyme system; D-fucose was a poor inducer of this system. Mutants isolated by their failure to grow on galactose as sole carbon source were defective in the oxidation of galactose.
INTRODUCTION
Powerful techniques for genetic analysis have been developed for the mould Aspergillus nidulans (Pontecorvo et al. 1953 ; Pontecorvo & Kafer, 1958 ) but relatively little work has been done on the biochemistry of the organism (Hockenhull, 1950; Singh & Walker, 1956 ) and few attempts made to combine genetical and biochemical investigations (Shepherd, 1956) . Following the elucidation of the Leloir pathway of galactose metabolism (reviewed by Kalckar, 1958) genetically determined lesions in the enzymes concerned were described in man (Kalckar, 1959) , in Saccharomyces cerevisiae (Robichon-Szulmajster, 1958 ) and in certain enterobacteria (Kalckar, Kurahashi & Jordan, 1959 ; Fukasawa & Nikaido, 1961 ; Soffer, 1961) . Regulation of the formation of the enzyme system has also been studied in some bacteria (Yarmolinsky, Jordan & Weismeyer, 1961 ; Buttin, 1961 ; Fukasawa, Jokura & Kurahashi, 1962) . Mutants of A . nidulans which fail to grow on galactose have been isolated and analysed genetically (Roberts, 1963) ; the present paper describes investigations with intact organisms of the metabolism of galactose by the wild type organism and by the galactose mutants.
METHODS
Organisms. Aspergillus nidulans strain bil ;w3 (a biotin-requiring auxotroph with white conidia) was obtained from the Department of Genetics, Glasgow University (Pontecorvo et al. 1953) . It has the wild type property of utilizing D-galactose as sole carbon source for growth and was the strain from which a number of mutants which did not grow on galactose were isolated following ultraviolet irradiation (Roberts, 1959 (Roberts, , 1963 . Cultures were maintained on slopes of malt extract agar.
Media. Malt extract agar: Malt extract, 20 g.; peptone 1 g.; glucose 20 g.;
British Drug Houses agar, 25 g. were dissolved in tap water (1 1.) and autoclaved a t 120" for 15 min.; the medium was then a t pH 6-5-7-0. The basal medium (BM) used was the standard minimal medium for Aspergillus nidulans (Pontecorvo et al. 1953 NaNO,, 6.0 g.; KCl, 0.52 g.; KH,PO,, 1.52 g.; 1.0 ml. trace salts solution. This medium was adjusted to pH 6.5 before autoclaving (120°, 15 min.) and MgSO, (to 0.52 g./l.) added as a sterile solution when the medium had cooled, to avoid precipitation of magnesium phosphate. Biotin was supplied in excess a t 0.5 mg./l. Carbohydrates were sterilized separately by autoclaving a t 115" for 15 min. and added a t a final concentration of 10 g./l.; conidia of A . nidulans are water repellent and the wetting agent Tween 80 was added to all liquid media (1/104) to bring conidia into suspension.
Preparation of inocula. A suspension of conidia was plated on malt extract agar to yield 25-100 colonies/plate and the plates incubated a t 37' for 6 days by which time heavy sporulation had occurred. The conidia were harvested by drawing a sterile wire across the plate, collected in a screw cap bottle containing 0 . 8 5~0 NaCl solution +Tween 80 and shaken on a Microid shaker for 20 min. to break up spore clumps.
Culture vessels. Modified 11. and 2 1. conical flasks were used. Each flask had four internal baffles consisting of vertical invaginations of the wall of the vessel 1 cm. deep and 3 em. high which just touched the surface of the medium when the flask was a t rest. A water-repellent silicone film (Hopkins & Williams silicone fluid M.S. 1107) was applied to the internal surface of the flasks. The baffles dispersed the mycelial pellets and aided aeration, while the silicone film prevented accumulation of pellets above the wash line of the medium.
Culture conditions. Flasks containing one-fifth their volume of medium were inoculated with suspensions of conidia to a final concentration of about 3x106 conidia/ml. medium. They were incubated a t 30" with vigorous swirling (200 rotations/min.) on a gyrorotary shaker (New Brunswick Instrument Co.). These conditions of culture yielded dense suspensions of small pellets of mycelium about 0.05 mm. in diameter which were formed by aggregation of germinating conidia. The suspensions can be handled quantitatively by pipetting, but variations observed in measuring rates of gas exchange (Table 1 ) might have been due to differences in the size and texture of the pellets.
Preparation of suspensions of organisms. Mycelial pellets were harvested on a sintered glass filter (No. 2 grade), resuspended in three changes of deionized water, washed twice with distilled water and finally suspended in 0.04 M-potassium phosphate buffer (pH 6.5). Dry weights were determined after washing samples on the filter and drying overnight a t 105" in aluminium foil cups. The suspensions used contained 1.0-2-5 mg, dry weight organisms/ml.
Estimations. Manometric assays of 0, uptake or CO, production were done by conventional methods (Umbreit, Burris & Stauffer, 1949) . The manometer flasks contained 2.0 ml. suspension (equiv. 2.0-5.0 mg. dry weight organism) in the main compartment, 0.5 ml. 0 . 0 1~ substrate solution (or 0-5 ml. water for controls) in the side arms, and 0.2 ml. of 20% KOH in the centre well (when 0, uptake was measured). The temperature was 30'. There was a linear relationship between the rate of oxygen uptake and dry weight of organisms up to a t least 7.5 mg. dry weight organismlflask.
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The disappearance of sugar from the medium was followed under conditions simulating as far as possible those in the manometer flasks. An open 100ml. conical flask containing 20 ml. of organism suspension and 5-0 ml. of 0 . 0 1~ substrate was shaken in the manometer bath and samples taken periodically. Organisms were removed by filtration and the amount of reducing sugar in the filtrate estimated by the arsenomolybdate method (Nelson, 1944) .
Chemicals. D-Galactose was obtained from T. Kerfoot and Co., (Vale of Bardsley, Lanes.). Glucose contamination of the galactose was estimated by the glucose oxidase method (Huggett & Nixon, 1957) 
RESULTS

Growth of Aspergillus nidulans strain bil ;w3 with glucose or galactose as carbon source
Galactose is a comparatively poor carbon source for Aspergillus nidulans, the rate of growth and the yield of organism being substantially less than with glucose ( Fig. 1) . The long lag period in growth on galactose and the typical diauxie (Monod, 1942) observed when a culture was supplied with a mixture of glucose and galactose suggested that galactose is utilized adaptively (Fig, 2) .
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Uptake and oxidation of glucose and galactose by Aspergillus nidulans strain bil ;w3
Organisms were grown with glucose or galactose as carbon source and then tested for ability to take up and to oxidize these sugars. Glucose is metabolized by a constitutive enzyme system and galactose by an inducible system, for organisms grown on galactose immediately take up and oxidize both sugars, whereas organisms grown on glucose metabolize glucose but cannot oxidize galactose and only remove it from the medium at a low rate (Table 1) . Differences in specific rates of oxidation and sugar uptake are probably due to variation in the size and texture of the mycelial pellets. The rate of oxidation of galactose by galactose-grown organisms was about 40% that for glucose oxidation; the rate of galactose uptake was 60% that of glucose uptake. A substantial proportion of the substrate was assimilated. This was studied by two methods, both based upon the assumption that complete oxidation of the substrate requires 6 equivalents of oxygen. In the first method the oxygen consumed in the oxidation of a known quantity of substrate was measured, corrected for endogenous respiration, and the proportion of substrate assimilated estimated from the difference between observed and expected quantities of oxygen consumed columns 3-7) . In the second method the rate of oxygen uptake expected from the rate of sugar uptake was calculated and the proportion of substrate assimilated estimated from the difference between the expected and observed rates of oxygen uptake ( Table 2 , columns 8-11). The two methods yielded results in close agreement; about 80% of added glucose was assimilated and about 85% of the galactose.
Induction of the galactose oxidation system in Aspergillus nidulans strain bil ;w3
The galactose-oxidizing system was induced by incubation of organisms in a growth medium in the presence of galactose. Organisms were grown in basal medium (BM) +glucose for 15 hr., washed aseptically and resuspended in fresh BM +galactose. The results of two such induction experiments are shown in Fig. 3 . There was a lag in growth for about 9 hr. which corresponds to the lag previously observed in the growth of conidia on galactose (Fig. 1) and in diauxie on a mixture of glucose and galactose (Fig. 2) . During this lag period there was a slow uptake of galactose and a steady increase in the specific rate of galactose oxidation to a maximum at about 12 hr., when it was 40% of that of glucose oxidation. The de-crease in rates of oxidation after incubation for 15 hr. (30 hr. total incubation) probably resulted from limitation of 0, uptake by the size of the pellets and the accumulation of inert material such as walls of empty mycelium.
D-Fucose (6-deoxy-galactose) is an inducer of the enzymes for galactose utilization in Escherichia coli (Buttin, 1961) . Aspergillus nidulans does not utilize D-fucose for growth and organisms grown in the presence of fucose (with glycerol as carbon source) do not oxidize the sugar. When A . nidulans strain biZ;w3 was grown with glycerol + fucose or galactose there was significant induction of the galactose oxidation system in both cases; but fucose was only one-third as effective as galactose as an inducer (Table 3) . This was also the case when the organism was grown on glucose and then incubated in a fresh growth medium with glycerol +fucose or galactose. 
Metabolism of galactose by galactose mutants of Aspergillus nidulans strain bi1 ;w3
The genetic analysis of a number of ultraviolet-induced galactose mutants of
Aspergillus nidulans has resulted in recognition of five loci which control the metabolism of galactose in this organism (Roberts, 1963) . These galactose mutants all grow normally with glucose as carbon source and are of two distinct phenotypes when tested for growth on galactose: one does not grow a t all, while the other grows slowly, yielding non-sporing colonies which are morphologically abnormal. These slow-growing mutants are different from partial (' leaky ') mutants which have been isolated by their poor growth on other sugars (e.g. maltose, lactose) in 
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Less endogenous rates.
which hyphae grow a t the same rate as the wild type but are far fewer in number and form characteristic sparse colonies. All the galactose mutants at a locus are of the same phenotype and five mutants representing each of the loci (called gal I to gal 5 ) were tested for their ability to metabolize galactose after induction of glucose-grown organisms ( Table 4) .
As expected the mutants all metabolized glucose at rates much the same as the original strain but showed defects in their uptake and oxidation of galactose. These defects may be correlated with the phenotype of the mutants. Differences between the mutants and wild type in the metabolism of galactose are most clearly shown when activities are expressed as the ratios of the rates of galactose to glucose uptake or oxidation (Table 4) . Total mutants (gal I , gal 5 ) took up galactose at about onethird the rate of the wild type and oxidized the sugar at markedly slower rates. The slow-growing mutants (gal 2, gal 3, gal 4 ) took up galactose a t the same rate as the wild type but oxidized the sugar at about one-half the rate of the wild type.
DISCUSSION
High endogenous metabolic rates and the assimilation of substrate are general features of mould metabolism (Cochrane, 1958) ; Aspergillus nidulans conforms to this pattern. The mycelial habit has made moulds unpopular material for biochemical work but in the case of A . nidulans small mycelial pellets are satisfactory for whole cell experiments and are good starting material for the preparation of cell-free extracts.
Comparison of these results for A. nidulans with the classical work of Stephenson on Escherichia coli (Stephenson, 1949) and Saccharomyces cerevisiae (Stephenson & Yudkin, 1936) reveals similarity of the overall metabolism of galactose in all three organisms. Relative to glucose, galactose is a poor carbon source for growth; it is oxidized by galactose-grown organisms at about one half the rate of glucose and the enzyme systems are inducible. However, D-fucose, which is a good inducer in E. coli (Buttin, 1961) is only one-third as effective as equimolar concentrations of D-galactose in A . nidulans. A constitutive galactose permease has been described in E. coli (Horecker, Thomas & Monod, 1960) . The rapid initial uptake of galactose by adapted organisms and the slow uptake by non-adapted organisms suggests an inducible permease in A . nidulans but requires direct investigation by using 14C galactose.
All of the galactose mutants examined metabolize glucose normally as would be expected from their normal growth on it. Isolation of mutants which fail to grow upon a specific carbohydrate may therefore be expected to exclude organisms with a defect in their general metabolism of carbohydrates, as found among bacterial mutants isolated by a negative fermentation reaction on eosin methylene-blue agar (Lederberg, Lederberg, Zinder & Lively, 1951 ; Lederberg, 1960) .
The two distinct phenotypes found among the Aspergillus nidulans galactose mutants may probably be correlated with the position of the metabolic lesion. The slow-growing mutants take up galactose at the same rate as the wild type but oxidize it at about half the wild-type rate. About 80% of exogenous galactose is assimilated and if this assimilation takes place through uridine diphosphogalactose (Kalckar, 1958) it is possible that the slow growers are defective in a metabolic step between this compound and glucose-1-phosphate. On the other hand, the nongrowing mutants, which take up galactose a t about one-half the wild type rate but only oxidize it a t 10% of the rate of the latter, may be defective in a metabolic step before uridine diphosphogalactose.
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